The MAP1 (microtubule-associated protein 1) family is a class of microtubule-binding proteins represented by mammalian MAP1A, MAP1B and the recently identified MAP1S. MAP1A and MAP1B are expressed in the nervous system and thought to mediate interactions of the microtubule-based cytoskeleton in neural development and function. The characteristic structural organization of mammalian MAP1s, which are composed of heavy-and light-chain subunits, requires proteolytic cleavage of a precursor polypeptide encoded by the corresponding map1 gene. MAP1 function in Drosophila appears to be fulfilled by a single gene, futsch. Although the futsch gene product is known to share several important functional properties with mammalian MAP1s, whether it adopts the same basic structural organization has not been addressed. Here, we report the identification of a Drosophila MAP1 light chain, LC f , produced by proteolytic cleavage of a futsch-encoded precursor polypeptide, and confirm co-localization and co-assembly of the heavy chain and LC f cleavage products. Furthermore, the in vivo properties of MAP1 proteins were further defined through precise MS identification of a conserved proteolytic cleavage site within the futsch-encoded MAP1 precursor and demonstration of light-chain diversity represented by multiple LC f variants. Taken together, these findings establish conservation of proteolytic processing and structural organization among mammalian and Drosophila MAP1 proteins and are expected to enhance genetic analysis of conserved MAP1 functions within the neuronal cytoskeleton.
INTRODUCTION
Mammalian MAP1A (microtubule-associated protein 1A) and MAP1B share a common heteromeric structural organization requiring proteolytic processing (reviewed in [1] ). In the case of MAP1A, a precursor encoded by the map1A gene is cleaved into two subunits found in the mature protein: the MAP1A-HC (MAP1A heavy chain; ∼ 350 kDa) and a 28 kDa light chain referred to as LC2 (light chain 2) [2] . A third subunit type, LC3 (light chain 3), is encoded by an unrelated gene and serves as a common subunit of both MAP1A and MAP1B [3, 4] . Thus mature MAP1A is thought to be composed predominantly of the MAP1A-HC, LC2 and LC3 subunits. Similarly, cleavage of the map1B-encoded precursor produces the MAP1B-HC (MAP1B heavy chain; ∼ 300 kDa) and LC1 (light chain 1; 34 kDa) [5] , which can assemble with LC3 to form mature MAP1B [3, 4, 6] . Although the stoichiometry and spatial arrangement of MAP1 subunits are not well understood, it is clear that proteolytic processing generates a major structural rearrangement. Whereas the light-chain domain is adjacent to the heavy chain C-terminal domain in the precursor, it is cleaved from the precursor and binds to the heavy chain Nterminus in the mature protein [7, 8] . To date, structural analysis of MAP1 proteins has been limited to elegant ultrastructural studies [9, 10] indicating that MAP1s are very long filamentous proteins (approx. 200 nm in length) that may contain a globular head [10] .
In Drosophila, the map1 family is represented by a single gene, futsch [1, 11] . The futsch gene product exhibits comparable similarity to mammalian MAP1A and MAP1B and appears to fulfil MAP1 functions in Drosophila [1, 11] . Previous studies have defined FUTSCH as a microtubule-binding protein required in neuronal growth and development [11, 12] ; however, little is known about the underlying structural basis of FUTSCH function or its relationship to known properties of mammalian MAP1s. Accordingly, the present study examined the conservation of MAP1 proteolytic processing and molecular organization in FUTSCH and considered its implications for genetic analysis of MAP1 function in the nervous system. IN, U.S.A.) (http://flystocks.bio.indiana.edu). Appl-GAL4 [18] and wild-type (Canton S) lines were from our laboratory stock collection. All stocks were cultured on conventional cornmeal/molasses/yeast medium at 20
• C.
Generation of a polyclonal anti-FUTSCH LC f antibody
A rabbit polyclonal antiserum, anti-LC f , was raised against a synthesized peptide corresponding to amino acids 5252-5265 of the futsch gene product, which were predicted to reside within the putative light chain (LC f ). Through a commercial service (Pocono Rabbit Farm and Laboratory, Canadensis, PA, U.S.A.), the peptide was synthesized with cysteine appended at the N-terminus (CLPVEGGADIRTTPK), conjugated with KLH [keyhole-limpet (Diodora aspera) haemocyanin] and injected into two rabbits. The antibody titre was assessed by ELISA (Pocono Rabbit Farm and Laboratory) at days 0, 42 and 70, and subsequent bleeds were from the rabbit exhibiting stronger immunoreactivity.
Purification of anti-LC f
Anti-LC f serum was purified from electroblotted membranes according to a protocol suggested by Dr Leo Pallanck (Department of Genome Sciences, University of Washington, Seattle, WA, U.S.A.). All steps were performed at room temperature (25 • C) or the indicated temperature. For large-scale head preparations, flies were placed in 15 ml plastic tubes and heads were removed from bodies by repetitive cycles of freezing in liquid nitrogen and vortex-mixing. Heads were collected using a two-layer sieve with respective opening sizes of 0.71 and 0.355 mm (Fisher Scientific, Pittsburgh, PA, U.S.A.) and placed on ice. Approx. 3000 heads were homogenized with a pestle in 1.5 ml of SDS sample buffer [125 mM Tris/HCl/SDS, pH 6.8, 2 % (w/v) SDS, 1 % 2-mercaptoethanol, 10 % (v/v) glycerol and 0.5 % Bromophenol Blue] and the resulting homogenate was boiled and centrifuged at 9000 g for 5 min. The supernatant was separated by PAGE using four 12 % mini-gels after loading approx. 400 μl on to each gel in a single preparative well. Following electrophoresis, proteins were transferred to nitrocellulose membranes and a portion of the membrane containing the LC f light chain (18-25 kDa) was collected and used to purify antibodies from crude serum. Membranes were blocked for 1 h with 5 % (w/v) non-fat dried skimmed milk in PBS (171 mM NaCl, 4 mM Na 2 HPO 4 , 3.4 mM KCl and 1.84 mM KH 2 PO 4 , pH 7.5) at room temperature (with constant agitation) and then incubated at 4
• C overnight with 5 ml of 1:100 crude serum in PBS containing 5 % nonfat milk (with constant agitation). Membranes were then washed three times (10 min each) with PBST (0.1 % Tween 20 in PBS). To elute purified antibody, the four membranes were cut into small pieces and incubated with 800 μl of 100 mM glycine (pH 2.5) on a rotator at 4
• C. After a 10 min incubation, eluates were collected by centrifugation at 9000 g for 10 min at 4
• C. Supernatant was transferred to a fresh 1.5 ml tube with 128 μl of 1 M Tris (pH 8.0). A second eluate was collected by incubating the same membranes with 400 μl of 100 mM glycine (pH 2.5) for 5 min at 4
• C. Membrane strips were used up to four times to purify antibodies from the same crude serum. After purification, all eluates were combined.
Western-blot analysis
Conventional Western-blot analysis was carried out on fly head homogenates as described previously [19] . To examine the light chain with anti-LC f , 12% gels were used and the equivalent of two fly heads was loaded per lane. To detect the futsch heavy chain with mAb 22C10, 7.5 % gels were used and the equivalent of 0.4 fly head was loaded per lane. Primary antibodies included mAb 22C10 (1:20) (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, U.S.A.) and purified anti-LC f (1:5) . Detection was performed by enhanced chemiluminescence (ECL ® Plus Western Blotting Detection System; Amersham Biosciences, Arlington Heights, IL, U.S.A.). Tubulin served as an internal loading control and was detected by monoclonal anti-acetylated α-tubulin (Sigma, St. Louis, MO, U.S.A.) at a dilution of 1:2000000. The apparent molecular mass of LC f was determined on the basis of its mobility in PAGE relative to known standards (Precision Plus Protein Standards no. 161-0374; BioRad Laboratories, Hercules, CA, U.S.A.). Western-blot analysis of FLAG-tagged futsch transgene products was carried out using a monoclonal anti-FLAG antibody (1:500) (Sigma). In these experiments, the equivalent of four fly heads was loaded per lane.
Western-blot analysis with the crude anti-LC f serum produced results similar to those obtained with purified anti-LC f with minor differences. Although the crude antiserum produced more background, it clearly detected LC f in wild-type but not futsch mutant samples. Moreover, the faint signal observed at ∼ 20 kDa with purified anti-LC f was more pronounced when detected with crude antiserum. In two-dimensional gel-electrophoresis experiments such as that shown in Figure 4 , the purified and crude antisera recognized the same LC f species.
Immunocytochemistry and confocal microscopy
Immunocytochemistry of Drosophila larval neuromuscular synapses was performed as described previously [19] . Primary antibodies included mAb 22C10 (1:10) and rabbit anti-LC f crude serum (1:5000). Fluorescently labelled secondary antibodies included Alexa Fluor ® 568-conjugated anti-mouse IgG (1:200) and Alexa Fluor ® 488-conjugated anti-rabbit IgG (1:200) (Invitrogen, Carlsbad, CA, U.S.A.). Neuronal plasma membranes were visualized using Cy5-conjugated anti-HRP (horseradish peroxidase) polyclonal antibody (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA, U.S.A.) [20] . Mounted larval neuromuscular synapse preparations were imaged at the Penn State Center for Quantitative Cell Analysis (Pennsylvania State University, University Park, PA, U.S.A.) using an Olympus FV1000 confocal microscope and a PlanApo 60 × 1.42 N.A. oil immersion objective (Olympus, Tokyo, Japan). A 0.2 μm step size was used in XYZ scans. Images were obtained and processed with the FluoView software package (Olympus). Three optical planes were superimposed for display.
Co-IP (co-immunoprecipitation) of FUTSCH-HC (FUTSCH heavy chain) and LC f
The protocol for co-IP was based on published methods [21, 22] with modifications. All steps were performed at 4
• C or the indicated temperature. Fly heads were isolated as described in the 'Purification of anti-LC f ' subsection above. Approx. 600 heads were homogenized with a pestle in 600 μl of fresh icecold lysis buffer containing: 1 % CHAPS, 20 mM Tris/HCl (pH 7.5), 10 mM EDTA, 120 mM NaCl, 50 mM KCl, 2 mM DTT (dithiothreitol) and a 1:100 protease inhibitor cocktail (Sigma) and centrifuged for 5 min at 9000 g. The homogenization step was then repeated to further homogenize the pelleted material. This step was followed by a 30 min incubation in the same lysis buffer and centrifugation for 10 min at 9000 g to produce the final head lysate (supernatant). Head lysate was precleared for 1 h with 50 μl of a 50% slurry of Protein ASepharose beads (Amersham Biosciences). Precleared lysate equivalent to 500 heads and 11 μg of mAb 22C10 were incubated with 50 μl of a 50 % slurry of Protein A-Sepharose beads (preblocked with BSA) for 2 h with constant agitation. Beads and associated complexes were pelleted by centrifugation (1300 g for 1 min) and subsequently washed five times in lysis buffer. After washing, beads were pelleted, resuspended in 20 μl of SDS sample buffer and boiled for 3 min to elute proteins. Control experiments employed 11 μg of mouse IgG (Jackson ImmunoResearch Laboratories) instead of mAb 22C10.
Western-blot analysis of immunoprecipitates employed mAb 22C10 and anti-LC f to detect FUTSCH-HC and LC f respectively. For detection of the mAb 22C10 epitope, 0.5 μl of precleared lysate [pre-IP (immunoprecipitation) input] and 8 μl of the 20 μl IP sample per lane were loaded on a to an SDS/7.5 % PAGE gel. For detection of LC f , 2 μl of precleared lysate (pre-IP input) and 12 μl of the 20 μl IP sample were loaded on to an SDS/12 % PAGE gel. After electrophoresis, gels were processed for Westernblot analysis.
Transgenic lines
Transgenic lines were generated to express a C-terminal fragment of the futsch gene product tagged at the N-terminus with either FLAG (UAS-FLAG-CT-FUTSCH) or EGFP [enhanced GFP (green fluorescent protein)] (UAS-EGFP-CT-FUTSCH). A PCR product corresponding to the ORF (open reading frame) sequence encoding the C-terminal 220 amino acids of the futsch gene product (according to sequence accession number AAF45622) was generated using Pfu DNA polymerase (Stratagene, La Jolla, CA, U.S.A.). This product was incorporated into an EGFP-CT-FUTSCH fusion construct initially cloned into the XbaI and KpnI sites of pBluescript SK − such that the EGFP ORF was followed by a 6 bp linker (corresponding to a BglII restriction site) and then the CT-FUTSCH ORF. The FLAG tag was generated by annealing two oligonucleotides (oligonucleotide 1: 5 -GGCCGC-TCTAGAATGGATTACAAGGACGATGACGATAAGA-3 and oligonucleotide 2: 5 -GATCTCTTATCGTCATCGTCCTTGTA-ATCCATTCTAGAGC-3 ) designed to create XbaI-and BglIIcompatible overhangs at the 5 -and 3 -ends respectively. The annealed oligonucleotides were substituted for the EGFP coding sequence in the EGFP-CT-FUTSCH construct utilizing the XbaI site of the pBluescript SK − polylinker and the BglII site at the 3 -end of the EGFP ORF. Both the EGFP and FLAG fusion constructs were shuttled from pBluescript SK − into the NotI and KpnI sites of the pUAST expression vector [23] . Transgenic flies were generated as described previously [16] and neural expression of UAS-EGFP-CT-FUTSCH and UAS-FLAG-CT-FUTSCH was achieved using the elav-GAL4 or Appl-GAL4 driver.
Two-dimensional gel electrophoresis
A total of 300 heads from either wild-type or futsch EC2 flies were collected and head lysate generated in 300 μl of lysis buffer as described in the 'Purification of anti-LC f ' subsection. To precipitate proteins, 250 μl of cleared lysate and 44 μl of 100 % trichloroacetic acid were mixed and incubated overnight. This and the following steps were carried out at 4
• C or the indicated temperature. Precipitated proteins were pelleted by centrifugation at 9000 g for 20 min. At room temperature, the protein pellet was disrupted using by a 1 ml pipette tip, washed with vigorous vortex-mixing in ice-cold acetone containing 0.05 % DTT and centrifuged at 9000 g for 10 min. This procedure was repeated five times and then the precipitated protein pellet was dried in a speed vacuum drier for 90 min. The dry particles were resuspended at room temperature in 100 μl of thiourea/urea lysis buffer [7 M urea, 2 M thiourea, a 1:100 protease inhibitor cocktail (Sigma), 4 % CHAPS and 1 % Pharmalyte, pH 3-10 (Invitrogen)]. The resuspended protein solution was centrifuged twice at 20 000 g for 20 min to remove any insoluble debris prior to use in two-dimensional gel electrophoresis.
To prepare a resuspended protein sample for separation on a 7 cm IEF (isoelectric focusing) strip, 60 μl of the sample was mixed with 65 μl of rehydration buffer (8 M urea, 2 % CHAPS, 20 mM DTT, 2 % Pharmalyte pH 3-10 and 0.002 % Bromophenol Blue). This and the following steps were carried out at room temperature. A 7 cm IEF strip (Amersham Biosciences) was then rehydrated in the sample solution for at least 10 h at room temperature. IEF was carried out on a Protean IEF cell system (Bio-Rad) in the Proteomics and Mass Spectrometry Core Facility at the Pennsylvania State University. After IEF, the IEF strip was incubated for 15 min in SDS equilibration buffer (50 mM Tris/HCl, pH 8.8, 6 M urea, 30 % glycerol, 2 % SDS and 0.002 % Bromophenol Blue) on a platform shaker at minimum speed. An equilibrated strip was loaded on to an SDS/12 % PAGE gel. After electrophoresis, gels were processed for Western-blot analysis.
pI values were determined according to standard curves and procedures provided by the manufacturer (Amersham Biosciences). Deduced pI values were obtained from primary sequence using the EditSeq feature of the DNAStar sequence analysis software package (DNAStar, Madison, WI, U.S.A.).
Cleavage site identification
The cleavage site within the FUTSCH precursor was identified by MS of immunoprecipitated EGFP-CT-FUTSCH. IP was carried out essentially as described for FUTSCH-HC (see the 'Co-IP of FUTSCH-HC and LC f ' subsection above) with the following exceptions. Head homogenates were prepared from transgenic flies expressing the EGFP-Futsch C-terminal fragment or Canton S controls, and 2.5 μl of polyclonal rabbit anti-GFP antibody (Invitrogen) was used in the IP. For each IP, 12.5 μl of a 25 μl IP sample was loaded per lane on an SDS/4-15 % gradient PAGE gel (Bio-Rad). After electrophoresis, the gel was stained using the Silver Stain Plus kit (Bio-Rad) according to the manufacturer's instructions. Bands corresponding to the N-terminal cleavage product of EGFP-CT-FUTSCH from two IP experiments were collected for in-gel tryptic digestion and MS analysis in the Penn State University Proteomics and Mass Spectrometry Core Facilities.
In-gel tryptic digestion
Silver-stained protein bands were incubated in fresh destaining solution [15 mM K 3 Fe(CN) 6 and 50 mM Na 2 S 2 O 3 ] for 10 min with constant vortex-mixing in a 1.7 ml silicone-treated microcentrifuge tube. The gel pieces were then washed three times (15 min each) with 100 μl of water and then washed three times (15 min each) with 100 μl of 25 mM NH 4 HCO 3 in 50 % ACN (acetonitrile) with constant vortex-mixing. After washing, the gel pieces were dried in a speed vacuum drier. To reduce disulfide linkages, the dried gel pieces were covered with 10 mM DTT in 25 mM NH 4 HCO 3 solution and incubated at 56
• C for 1 h. After the solution was removed, gel pieces were covered with 55 mM iodoacetamide in 25 mM NH 4 HCO 3 and incubated for 45 min in the dark to aminocarboxymethylate cysteine residues. Finally, gel pieces were washed in 100 μl 25 mM NH 4 HCO 3 for 10 min with constant vortex-mixing, dehydrated twice with 100 μl of 25 mM NH 4 HCO 3 in 50 % ACN for 5 min each with constant vortex-mixing, and dried completely in a speed vacuum drier.
The dry gel pieces were barely covered by trypsin solution (Promega, Madison, WI, U.S.A.) in a 1.7 ml microcentrifuge tube and allowed to rehydrate on ice for 10 min. After rehydration, gel pieces were covered in 25 mM NH 4 HCO 3 and trypsin digestion was carried out at 37
• C overnight. After transfer of the tryptic digestion solution to a fresh 1.7 ml tube, two rounds of peptide extraction were performed by incubating gel pieces with 5 % formic acid in 50 % ACN for 20-30 min (with constant vortexmixing) and then sonicating for 15 min. After each extraction, the supernatant was collected and combined with the tryptic digestion solution. The volume of the final solution was reduced to 10-20 μl using a speed vacuum drier in preparation for liquid chromatography and MS.
One-dimensional nanoflow liquid chromatography
Prior to MS, a one-dimensional reverse-phase nanoflow liquid chromatography separation was performed to maximize the number of peptides detected. Each sample was autoinjected with Buffer C (2 % ACN and 0.1 % trifluoroacetic acid) on to a Chromolith CapRod column (150 mm long × 0.1 mm internal diameter; Merck) using a 5 μl injector loop on a Tempo LC MALDI spotting system (ABI/MDS Sciex). 
MS
After sample spot drying, 13 calibrant spots (ABI 4700 mix; Applied Biosystems, Foster City, CA, U.S.A.) were added to each plate manually. MALDI target plates were analysed on an ABI 4800 MALDI TOF-TOF Analyzer (Applied Biosystems). For each plate, a plate calibration/MS default calibration was performed and the MS/MS (tandem MS) default calibration was updated. MS spectra were then acquired from each sample spot using the newly updated default calibration, using 500 laser shots per spot at a laser intensity of 3600. A plate-wide interpretation was then automatically performed, choosing the highest peak of each observed m/z value for subsequent MS/MS analysis. For each MS/MS spectrum, up to 2500 laser shots at laser power 4300 were accumulated. Protein identification was performed by searching the MS/MS spectra against a customized database containing only the EGFP-CT-FUTSCH protein sequence using the Paragon algorithm as implemented in Protein Pilot 2.0 software (ABI/MDS Sciex).
RESULTS

Identification of a FUTSCH light chain, LC f
Alignment of the mammalian MAP1A or MAP1B precursor sequences with that of the futsch gene product indicates strong conservation at the N-and C-termini [11] . Notably, the conserved C-terminal sequence corresponds to the mammalian MAP1 light chains, LC1 or LC2, which are proteolytically cleaved from their respective precursors. This observation suggests that futsch may also encode a precursor polypeptide that undergoes proteolytic cleavage to produce heavy and light-chain subunits ( Figure 1A ). These putative heavy and light chains will be referred to as FUTSCH-HC and LC f respectively. Investigation of FUTSCH proteolytic processing was pursued with the benefit of materials generated in previous work, including both futsch mutants and antibodies. When the present study was initiated, the only available antibody against FUTSCH was mAb 22C10 [24, 25] , which was used to identify and characterize the futsch gene, protein and first mutations [11, 12] . This antibody recognizes an epitope located between amino acids 4770 and 5067 of the futsch gene product ( [11] and see protein annotation AAF45622) and thus is predicted to reside within the putative heavy chain ( Figure 1A) . In Western-blot analysis of fly head homogenates, the large size of the protein detected by mAb 22C10 is consistent with either the 5412-amino-acid full-length futsch gene product [11, 26] or the putative heavy chain of approx. 5200 amino acids. To investigate the possible presence of a FUTSCH light chain produced by proteolytic processing, a polyclonal antibody was generated against the putative light chain, LC f . As shown in Figure 1(B) , a poorly conserved 14-amino-acid peptide within the C-terminal domain was selected as an antigen for generation of rabbit polyclonal antisera against LC f .
The resulting antibody was utilized for Western-blot analysis of wild-type fly head homogenates and detected a prominent band of approx. 19 kDa (Figure 1C) , consistent with the size range anticipated for the putative LC f protein. The apparent molecular mass of this band relative to known markers was estimated from the average of four independent experiments and found to be 19.11 + − 0.45 kDa (mean + − S.E.M.). Note that in addition to the prominent signal at 19 kDa, faint bands of up to ∼ 20 kDa were detected as well (see also Figures 2B and 3C) . The specificity of anti-LC f was confirmed by Western-blot analysis of futsch k68 and futsch N94 mutants, which exhibit undetectable or reduced immunoreactivity to mAb 22C10 respectively [11] . These experiments revealed that the 19-20 kDa bands recognized by anti-LC f in wild-type samples were reduced or eliminated in futsch mutants ( Figure 1C) . Similar results were obtained in flies carrying the futsch N94 mutation in trans to a chromosomal deletion removing the futsch gene [Df(1)AD11], further confirming specific loss of the LC f antigen in futsch mutants. These observations clearly identify a 19 kDa protein that is encoded by futsch and appears to represent LC f . (A) The UAS-FLAG-CT-FUTSCH (FUT) transgene encodes the C-terminal 220 amino acids of the futsch gene product with a FLAG epitope tag at the N-terminus. Neural expression of the transgene in futsch EC2 mutants lacking endogenous LC f was followed by Western blotting of head extracts using either the anti-FLAG (B) or anti-LC f (C) antibody. (B) Anti-FLAG detected the full-length transgene product only in samples expressing the transgene. (C) Anti-LC f detected endogenous LC f in wild-type (WT) but not futsch mutant samples. However, in futsch mutants expressing the transgene, bands corresponding to the full-length transgene product and LC f were detected, confirming proteolytic cleavage of CT-FUTSCH. These results predict that cleavage produces a FLAG-tagged N-terminal product with a maximum size of ∼ 9 kDa. This small fragment was not detected on Western blots using the anti-FLAG antibody. In (C), a longer exposure time is shown for detection of LC f than for the full-length transgene product. Note that LC f derived from the transgene included minor species of up to 20 kDa resembling those of endogenous LC f . aa, amino acid; kD, kDa; WT, wild-type.
In vivo association of FUTSCH heavy and light chains
To further address the question of whether the 19 kDa protein is a true light chain, its association with the heavy chain was examined. First, the subcellular distribution of LC f was determined through immuno-cytochemical analysis of larval neuromuscular synapses. Previous studies using mAb 22C10, which recognizes the FUTSCH-HC, showed that the mAb 22C10 epitope is localized to axonal microtubule bundles within larval motor axons [12] . In the present study, the anti-LC f antibody revealed a similar filamentous, microtubule-like distribution of LC f in wild-type motor axons ( Figure 2A , panels a-e). Double labelling with mAb 22C10 revealed extensive co-localization of the LC f and mAb 22C10 epitopes, suggesting association of heavy and light chains along axonal microtubule bundles. Detection of the LC f epitope was eliminated in futsch mutants (Figure 2A , panels f-j), further demonstrating that anti-LC f specifically recognizes a futschencoded protein. A second approach confirmed association of FUTSCH-HC and LC f by demonstrating co-IP of LC f when FUTSCH-HC was precipitated using the mAb 22C10 antibody ( Figure 2B ). Thus co-localization and co-IP of FUTSCH heavy and light chains demonstrates their in vivo association within the nervous system as reported for mammalian MAP1s.
Proteolytic processing confirmed by cleavage of an epitope-tagged futsch-encoded precursor fragment
Transgenic lines were generated to express a polypeptide fragment corresponding to the C-terminal 220 amino acids of the futsch gene product with a FLAG epitope tag appended to its Nterminus (FLAG-CT-FUTSCH, Figure 3A ). Neural expression of the transgene was performed in a futsch mutant lacking FUTSCH-HC and LC f to allow analysis of transgene products in the absence of the corresponding endogenous proteins. As shown in Figure 3(B) , Western-blot analysis using the anti-FLAG antibody detected the full-length transgene product, whereas no corresponding band was observed in wild-type or futsch mutant samples lacking the transgene. As expected, the anti-LC f antibody detected endogenous LC f in wild-type but not futsch mutant samples. However, after expression of the transgene in the same futsch mutant, anti-LC f detected both the full-length transgene product and a band of lower molecular mass corresponding to that of endogenous LC f ( Figure 3C ). These observations confirm proteolytic processing of a futsch-encoded precursor and map the structural requirements for cleavage to within the 220-amino-acid CT-FUTSCH fragment. Furthermore, because the 14-residue LC f epitope begins at position 60 within the 220-amino-acid C-terminal fragment, the cleavage site is likely to be located within a 59-amino-acid region (5193-5251) of the futschencoded precursor. These observations complement previous work mapping proteolytic cleavage and its structural requirements to a specific region of the MAP1B precursor [5, 8, 27] .
Taken together, the preceding findings demonstrate that futsch encodes a precursor that is cleaved into a ∼ 565 kDa heavy chain and a light chain of ∼ 19 kDa. Following cleavage, the heavy and light chains associate within the mature FUTSCH protein. These studies reveal conservation of MAP1 proteolytic processing and molecular organization among mammalian and Drosophila MAP1 proteins. In accordance with terminology for the mammalian LC2 and LC1 light chains encoded by map1A and map1B, respectively, the FUTSCH light chain is named LC f . Similarly, the futsch-encoded heavy chain is referred to as FUTSCH-HC.
LCf diversity
The known diversity of light chains derived from the mammalian map1 genes so far includes LC1, LC2 and the MAP1S light chain [1] . In Drosophila, Western blotting using the anti-LC f antibody detected a primary band of 19 kDa and additional faint bands of up to 20 kDa in wild-type head homogenates (Figures 1-3) . All of these bands were eliminated in futsch mutants, indicating they represent distinct forms of the LC f light chain. The diversity of LC f proteins was further explored by two-dimensional gel electrophoresis followed by Western-blot analysis. Comparison of wild-type and futsch mutant samples revealed five spots that appear to represent distinctive LC f forms exhibiting a wide range of pI values (Figure 4) . The five spots are located at four positions along the pH gradient corresponding (from right to left) to pI values of approx. 8.4, 7.5, 7.3 and 6.3 (see the Discussion).
MS identification of a proteolytic cleavage site within the FUTSCH precursor
Previous analysis of mammalian MAP1B has mapped proteolytic cleavage to a 16-amino-acid region [5, 27] ; however, identification of a specific cleavage site has not been reported. To further define proteolytic processing of MAP1 proteins, MS of FUTSCH was carried out to identify the specific site at which cleavage occurs in vivo. These studies involved neural expression of an epitopetagged CT-FUTSCH transgene, IP of a tagged cleavage product from neural tissue and MS of the immunoprecipitate to identify the cleavage site. Trangenic lines were generated to express the CT-FUTSCH fragment fused with EGFP at its N-terminus (EGFP-CT-FUTSCH; Figure 5A ). Neural expression of EGFP-CT-FUTSCH and subsequent IP from neural tissue (using a rabbit polyclonal anti-GFP antibody) were expected to produce samples highly enriched for full-length and cleaved EGFP-CT-FUTSCH. Separation of immunoprecipitates by PAGE and subsequent silver staining revealed a predominant protein of approx. 33 kDa, which corresponds to the predicted size of the N-terminal cleavage product of EGFP-CT-FUTSCH and was present only in flies expressing the transgene ( Figure 5B ). The presence of full-length EGFP-CT-FUTSCH in the immunoprecipitate was confirmed by Western-blot analysis (results not shown), but could not be assessed by silver staining because its predicted size (52 kDa) corresponds to that of the rabbit IgG heavy chain [28] used in the IP.
The immunoprecipitated N-terminal cleavage product of EGFP-CT-FUTSCH was recovered from the gel and subjected to tryptic digestion and MS identification of its component peptides. As expected, peptides derived from both EGFP and CT-FUTSCH were observed with a high degree of confidence. With regard to CT-FUTSCH peptides ( Figure 5C ), only three were identified in total and all were detected with high confidence. Among the three CT-FUTSCH peptides, P1 and P2 are consistent with products of tryptic cleavage after lysine or arginine residues, whereas P3 is not. Alignment of these peptides with CT-FUTSCH ( Figure 5D ) indicates complete coverage of the N-terminal sequence and then truncation at the non-tryptic cleavage site at the C-terminus of P3. These observations indicate with high confidence that cleavage occurs after Gly-5245 of the FUTSCH precursor. Furthermore, the deduced molecular mass of LC f following cleavage at this site is in good agreement with estimates based on relative mobility ( Figure 5E ). These findings establish the precise primary sequence of a MAP1 light chain, LC f (accession ACD38216), and heavy chain, FUTSCH-HC.
Identification of a cleavage site within the FUTSCH precursor provides a first opportunity to examine conservation of the cleavage site sequence among MAP1 proteins. Alignment of the FUTSCH cleavage domain with the corresponding regions of mammalian and insect MAP1s reveals strong sequence conservation in the proximity of the cleavage site, including three invariant proline residues ( Figure 6 ). Previous work implicated this region in cleavage of the mammalian MAP1B precursor and mapped the cleavage site to a 16-amino-acid sequence ( [5, 8, 27] and Figure 6 ). On the basis of the observed sequence conservation, we speculate that an evolutionarily conserved mechanism may mediate cleavage of MAP1 proteins after a residue corresponding to Gly-5245 in the FUTSCH precursor. The corresponding site in the rat MAP1B precursor, after Gln-2197, falls within the 16-amino-acid region identified previously.
DISCUSSION
The present study demonstrates conservation of MAP1 proteolytic processing and molecular organization among mammalian and 
Figure 6 Conservation of MAP1 proteolytic cleavage domains
Alignment of proteolytic cleavage domain sequences from mammalian and insect MAP1 precursors. Rat (Ra), human (Hu), mosquito (Aa) and Drosophila (Dm) sequences are shown. Strong sequence conservation flanking the identified cleavage site within the FUTSCH precursor, including three invariant proline residues at positions 5243, 5249 and 5251, suggests a conserved cleavage mechanism. A brace above the rat MAP1B sequence indicates a 16-amino-acid region reported to contain the proteolytic cleavage site within the MAP1B precursor [5, 8, 27] . Amino acid identities are shaded in black and similarities are shaded in grey. Protein sequence accession numbers: rat MAP1B (P15205), human MAP1B (NP005900), rat MAP1A (NP112257), human MAP1A (NP002364), rat MAP1S (P0C5W1), human MAP1S (NP060644), mosquito (Aedes aegypti) MAP (XP001660459) and Drosophila FUTSCH (AAF45622).
Drosophila MAP1 proteins. In each case, a map1 gene encodes a precursor that is cleaved into heavy and light chains that coassemble within the mature protein. Furthermore, identification of a proteolytic cleavage site within the FUTSCH precursor has enhanced our understanding of MAP1 proteolytic processing in general. These findings represent a major step in establishing the molecular and structural basis for the previously studied roles of FUTSCH as well as further genetic analysis of conserved MAP1 properties and functions in the nervous system.
Previous studies in Drosophila
The functions and interactions of FUTSCH in neuronal development have been described previously [11, 12, 26, [29] [30] [31] . Future work should further define the underlying mechanisms by examining the respective roles of heavy-and light-chain subunits. Although identification of a FUTSCH light chain, LC f , contradicts a recent report [26] , this discrepancy likely reflects a difference in the specificity of antisera directed against the C-terminal region of the futsch gene product. In the previous study, an antibody was generated against a recombinant protein representing amino acids 5201-5347. In light of the results reported here, a substantial portion of this antigen is now known to reside within the FUTSCH-HC. Fortunately, the LC f antibody was raised against a peptide corresponding to amino acids 5252-5265, which are contained entirely within LC f .
Relationship of FUTSCH to mammalian MAP1s and implications for genetic analysis of MAP1 function
The present study extends previous work defining shared properties of futsch-and mammalian map1-encoded proteins. Although the futsch gene product is much larger than the corresponding mammalian precursors, it is conserved within key N-and C-terminal domains. In addition to their sequence similarity and association with microtubules, the common properties of FUTSCH and mammalian MAP1s include predominantly neural expression, interaction of their mRNAs with the Fragile-X mental retardation 1 protein messenger ribonucleoprotein complex [29, 32] and regulation by GSK3 (glycogen synthase kinase 3) [26, 33] .
The identification of MAP1 proteolytic processing and molecular organization in Drosophila reveals a structural basis for conserved MAP1 properties, including those of light-chain subunits. Previous characterization of mammalian MAP1A and MAP1B has mapped microtubule-and actin-binding domains to both the heavy and light chains [1, 3, 5, 8, [34] [35] [36] [37] [38] and has begun to define the binding interactions among MAP1 subunits [5, 8] . It will be of great interest to examine whether these molecular properties are retained within FUTSCH and play conserved roles in determining MAP1 structure and function. In addition, identification of mammalian LC3 as a common subunit of MAP1A and MAP1B has raised the possibility that a Drosophila LC3-related protein may serve as a subunit of FUTSCH [1, 39] . Finally, mammalian MAP1 light chains, for example LC1 and LC2, are known to interact with surface membrane proteins playing key roles in neural function, such as calcium-activated potassium channels [40] , GABA (γ -aminobutyric acid) receptors [41] and voltage-gated calcium channels [42] . Identification of the FUTSCH light chain, LC f , suggests that MAP1 light chainmediated regulation may occur in Drosophila and should facilitate genetic analysis of its functional roles in the nervous system. How the diversity of LC f variants shown in Figure 4 may influence their functions and whether a similar diversity exists among mammalian MAP1 light chains remain open questions.
A conserved cleavage site for proteolytic processing of FUTSCH was identified by MS. Cleavage at a single site was observed with high confidence and the deduced molecular mass of LC f corresponds to that of the primary endogenous LC f species (∼ 19 kDa; Figure 5E ). Moreover, comparison of the pI value deduced from the LC f primary sequence (8.39) with those observed by two-dimensional gel electrophoresis (Figure 4) suggests that the former corresponds to the endogenous variant with the highest pI (∼ 8.4). Higher molecular masses (>19 kDa) and lower pI values (< 8.4) may arise by a variety of mechanisms, including phosphorylation of LC f , and it will be of interest to further examine the molecular basis of LC f diversity. With respect to the mechanism of proteolytic cleavage, identification of an evolutionarily conserved cleavage site within the FUTSCH precursor ( Figure 6 ) suggests conservation of MAP1 proteolytic processing and represents a major step in further defining this process. However, no candidate protease or mechanism has been identified to date. The lack of strong conservation among residues immediately adjacent to the cleavage site suggests that determinants of specificity, perhaps including the three invariant proline residues, may direct a general catalytic mechanism of proteolytic cleavage.
In addition to the many shared features of mammalian MAP1s and FUTSCH, the latter exhibits distinctive properties as well. In contrast with mammalian MAP1 heavy chains, FUTSCH-HC contains an elongated central domain including a large number of KSP repeats characteristic of neurofilament proteins [11] . In neurofilament M and H proteins, KSP repeats are abundant within the C-terminal tail domains thought to mediate neurofilament interactions [43] . Since no neurofilament genes have been identified in Drosophila, FUTSCH-HC may incorporate properties and functions of neurofilament proteins as well.
In summary, the present study demonstrates conservation of MAP1 proteolytic processing and molecular organization in Drosophila. These findings enhance the value of Drosophila for genetic and molecular analyses of conserved MAP1 functions and are expected to advance our understanding of the in vivo roles of MAP1 proteins within the neuronal cytoskeleton.
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